Abstract: This paper presents the results of a multivariate morphometric study of leaf anatomical characters in different, geographically very distant populations of taxon Carex humilis from Hungary, Romania, Serbia, Bosnia & Herzegovina, Montenegro and Albania with the aim to reveal the trends of population differentiation. Analyses were performed on the cross-section of 173 leaves collected from 12 populations. In order to establish the overall morphological variation and relationships between individuals from all populations, principal component analyses (PCA) and canonical discriminant analysis (CDA) have been done. The UPGMA clustering analyses based on leaf anatomical characters and habitat climatic characteristics were carried out to explore whether the observed anatomical differences are a result of adaptive responses. Regression analysis (linear regression) was performed to identify the level of correlation between leaf anatomical characters and basic orographic, geological, and bioclimatic habitat characteristics. Quite unexpectedly, most of observed groups are formed of geographically very distant populations which are living in extremely different climatic and geological conditions, indicating that general anatomical differentiation in Carex humilis in C&SE Europe cannot be explained by the environmental impacts, and basically do not represent an adaptive response to different climatic or geological condition.
Introduction
It is well known that climatic factors and geological substrate have a strong influence on morpho-anatomical differentiation in plants. It is therefore not surprising that these environmental factors have a crucial impact on the development of special adaptive structures and the occurrence of a well-defined anatomical differentiation.
Considerable differences in thermal and hygric characteristics of a habitat generally result in significant anatomical differences between plant populations growing under different climatic conditions. These differences usually represent an adaptive response to habitat conditions, and generally do not have a distinct taxonomic significance (Fahn 1964; Kummerow 1973; Todorović & Stevanović 1994; Stevanović & Janković 2001; Bosabalidis & Kofidis 2002; Lakušić et al. 2006 Lakušić et al. , 2010 Kuzmanović et al. 2012) .
Furthermore, anatomical studies of many plants have shown that the geological substrate has a strong impact on the anatomical differentiation of populations. Especially, the significance of the serpentine geological substrate for the morpho-anatomical differentiation of plant populations, for plant speciation and the total florogenesis in wider geographical regions, was recognized a long time ago and studied thoroughly by several authors (Kruckenberg 1951 (Kruckenberg , 1954 (Kruckenberg , 1967 (Kruckenberg , 1984 Walker 1954; Tadros 1957; Ritter-Studnička 1968; Proctor & Woodell 1975; Karataglis et al. 1982; Tatić & Veljović 1990; Stevanović et al. 2003 , Kuzmanović et al. 2012 .
The genus Carex L. (Cyperaceae) is one of the largest genera, with species mainly distributed throughout cold and temperate regions of the northern hemisphere. The species Carex humilis Leysser belongs to Sect. Digitatae (Fries.) Christ. Its range extends from S England, N Poland and S Russia southwards, but it is rare in the Mediterranean region (Chater 1980) . Outside Europe, the range includes bordering eastern parts of Asia (Meusel et al. 1965) .
On the Balkan Peninsula and its neighbouring regions, C. humilis inhabits different types of habitats. This species mostly grows in the vegetation of the hilly rocky grounds, mixed deciduous broadleaved woodland, coniferous black pine forests, and open alpine and subalpine high mountain pastures (classes FestucoBrometea Br.-Bl. et R. Tx. 1943 , Querco-Fagetea Br.-Bl. et Vlieger 1937 , Erico-Pinetea Ht. 1959 , FestucoSeslerietea Barbero et Bonim 1969 . It occurs less frequently in the vegetation of the rocky crevices (Asple- (Jakovljević et al. 2013 ).
Research of leaf anatomical features of C. humilis began at the middle of the XX century, when it was shown that habitat conditions play a significant role in anatomical differentiation of populations of this species (Smetankova 1960) . Recent results of statistical analyses of variation of 33 quantitative characters related to the leaf anatomy of C. humilis in the C&SE Europe, performed on the cross-section of 253 leaves collected from 18 populations (Jakovljević et al. 2013) , has shown that the large number of characters have a moderate to high degree of variability, and that inter-population variability is significant. In the same time, in this study is observed irregularity in the varying characters in regard to the geographic gradient. In this sense, the question whether the observed anatomical differences between the analyzed populations represent an adaptive response to selected habitat characteristics, or if this differentiation was caused by historical and evolutionary factors, was left open. Bearing this in mind, the aim of this study was to determine, on the basis of the leaf anatomy, the trends of population differentiation of C. humilis in C&SE Europe, as well as to identify the level of correlation between the leaf trait variation and basic orographic, geological, and bioclimatic habitat characteristics.
Material and methods

Study area and plant sampling
Twelve populations of C. humilis (173 individuals) from C & SE Europe were sampled for the analysis of leaf anatomical traits. The samples were taken from Serbia (5 populations, 76 individuals), Romania (2 populations, 34 individuals), Hungary (2 populations, 20 individuals), Bosnia & Herzegovina (1 population, 15 individuals), Montenegro (1 population, 18 individuals), and Albania (1 population, 10 individuals) ( Table 1 ). The entire plant material was collected in the period 2009-2011. The studied area covers the central and southeastern parts of Europe, extending to N Hungary (that represents the northern boundary as well). The eastern borders of the studied region stretch to NE Romania, and the southern to NW Albania. Geographically, there are great differences between localities as regards the orography (lowland, hills, mountains, etc.), the geological substratum (limestone, serpentine, sand), the altitude (174-1772 m a.s.l.), and the climate.
In order to establish an unambiguous relationships between anatomical (micro-level) and bioclimate variables (macro-level), the analysis included only those individuals which inhabit open grasslands community (classes FestucoBrometea, Festuca-Seslerietea, Festucetea vaginatae), and that are not under the influence of the specific habitat, microclimate or orographic effects. In this way, the conflict in comparison and linking micro-and macro-level variables was avoided.
The collected plant material was fixed in 50% ethylalcohol solution and voucher specimens were deposited in the Herbarium of the Institute of Botany and Botanical Garden "Jevremovac", Faculty of Biology, University of Belgrade -BEOU (Index Herbariorum, http://sweetgum.nybg. org/ih/). Leaf cross-section Anatomical analyses of leaves were done on permanent slides, prepared by the standard method for light microscopy. Frozen sections of leaves were cut on a Leica CM1859 cryostat (up to 45 µm thick). The sections were cleared in Parazone and thoroughly washed before staining in safranin (1% w/v in 50% ethanol) and alcian blue (1% w/v, aqueous). Permanent slides were mounted with Canada balsam after dehydration. All anatomical measurements were made using LeicaQWin (Leica image software).
Morphometric analyses
The measurements were performed on the cross-sections of 253 leaves (each obtained from different individuals) collected in the field. In the first step a total of 33 characters were measured (for details, see Jakovljević et al. 2013 ). Prior to the principal component analysis (PCA) and a canonical discriminant analysis (CDA), anatomical characters were tested for the normality and collinearity. Characters that showed significant correlations with other characters were excluded from further analysis. Finally, a total of 18 characters were used in PCA and CDA (Table 2) . A principal component analysis (PCA), based on the complete data set (173 individuals × 18 characters), was done to show the overall morphological variation and relationships between individuals from all populations. For checking the hypothesis that the analyzed sample was composed of discrete groups, which are morphologically differentiated one from another, a canonical discriminant analysis (CDA) was done. Overall differences between the compared groups are presented by Mahalanobis distances. The calculated matrix distance was used for clustering analysis, using the UPGMA method. All analyses were performed using the package Statistica 5.1 for Windows (StatSoft 1997) .
Cluster analysis of bioclimatic data Another cluster analysis (UPGMA) was performed to evaluate the bioclimatic differentiation between the habitats of the 12 investigated populations. Each location was characterized by 19 bioclimatic parameters, extracted from the WorldClim set of global climate layers. The extraction of bioclimatic parameters was done with DIVA-GIS 7.5 software (version 7.5, http://www.diva-gis.org/)
Regression analysis
The regression analysis (linear regression) was performed to estimate the correlations between the variation of anatomical characters of C. humilis and basic orographic, geological, and bioclimatic habitat characteristics, as well as the geographic position of each population. The geographic positions were recorded using a hand-held Global Positioning System (GPS Garmin eTrex Vista C). Orographic characteristics, which included altitude, slope, and aspect, were calculated from the Shuttle Radar Topography Mission (Reuter et al. 2007) , at an approximate 90 m pixel resolution using ArcGIS 10 Spatial Analyst. Prior to the regression analysis, habitat characteristics were tested for the collinearity. Bioclimatic predictors that showed significant correlations with other predictors were not used in regression analysis of anatomical characters. Bonferroni correction of the significance level was applied on the results of linear regression. All statistical analyses were performed with the statistical package Statistica 5.1 for Windows (StatSoft 1997) .
Results
Morphometric analyses
The principal component analysis (PCA), based on 18 measured characters of individual plants from 12 populations, has shown that the structural variability of the studied populations is complex, since the first three axes comprise 67.15% of the total variability. Most of the variation was explained by the first axis (45.99%), 11.38% by the second and only 9.78% by the third (Fig. 1) . Several characters are responsible for the differentiation along the first axis: height of parenchyma, largest thickness of the leaf blade, width of the leaf There is a certain overlap between these two groups, including populations from Romania (Turda) and E Serbia (Mt Suva Planina).
Canonical discriminant analysis (CDA), based on individuals from 12 populations of C. humilis from the studied area, resulted in two morphologically differentiated entities, which are almost completely separated along the first axis (Fig. 2) . Similar to the results of the principal component analysis, populations from Hun- , and Albania (Skadar) form one group along the first axis, while serpentine population from C Serbia (Mt Studena Planina) and Bosnia (Gostović) form the other group at the positive part of the first axis. There is a certain overlap between these two groups, including populations from Romania (Turda) and E Serbia (Mt Suva Planina). Furthermore, along the second discriminant axis there is a trend of separation of populations Mt Kopaonik (Serbia) from the rest of population from the first group. Classificatory discriminant analysis showed that all individuals from studied populations are correctly classified due to the fact that the percentage of correctly classified ones is not less than 83% and that in half of the populations it amounts 100% (Mt Pilis, Bicaz, Mt Studena Planina, Mt Kopaonik, Gostović and Mt Durmitor). UPGMA cluster analysis showed the differentiation into two basic clusters (Fig. 3A) . The first cluster consists of clearly differentiated serpentine populations from Mt Studena Planina, and Gostović, similarly to PCA and CDA analysis. The second cluster is formed of two unequal groups. The major one consists of two subgroups: northern populations from Pannonian plain (Mt Naszaly, Mt Pilis and Deliblato Sands) form the first one, while the population from hilly and mountain region of Carpathians and Balkans (Bicaz, Turda, Mt Suva Planina, Mt Rtanj, Skadar, and Mt Durmitor) form the other subgroup. The minor group within this cluster is represented by subalpine population from Mt Kopaonik.
Cluster analysis of bioclimatic data
The results of the cluster analysis based on bioclimatic data (Fig. 3B) showed that three main "types" (clusters) could be differentiated: the habitats of the Note: Bioclimatic parameters were extracted using the DIVA-GIS 7.5 software (Hijmans et al. 2012) . Climate types A, B1 and B2 correspond to the groupings obtained from the cluster analysis of bioclimatic parameters (see Fig. 3A ). The bioclimatic variables that were used as predictors in regression analysis are marked with asterisk (*). Abbreviations: Min -minimum, Avg -mean, Maxmaximum.
Mediterranean climate of lowland NW Albania (type A), the habitats of the humid continental climate of the western Balkans (type B1), and the habitats of the arid continental climate of the eastern Balkans, the Pannonian Plain, and the lowland and hilly region of the Carpathians (type B2). Moreover, both types of continental climate showed a fine differentiation of the varieties: Dinarić (B1), Pannonian-Carpathian (B2a) and Moesian (B2b) climate. As it can be inferred from Table 3 , these three clusters of locations differ in several bioclimatic characteristics: mainly related to temperature. Generally, the Mediterranean climate of lowland NW Albania (type A) is characterized by considerably warmer and more humid conditions than the other two climate types. Namely, this climate type has a significantly higher annual mean temperature, positive minimal temperature of both the coldest month and the coldest quarter, and significantly higher level of the annual precipitation, and the precipitation of the coldest and wettest quarter. The humid continental climate of the western Balkan (type B1) is slightly colder than the arid continental climate of the eastern Balkans, the Pannonian Plain, and the lowland and hilly region of the Carpathians (type B2), and also with a remarkably higher level of precipitation, especially during the warmest and the coldest quarter.
Regression analysis (linear regression)
The results of the regression analysis (Table 4) indicate that 8 of 19 bioclimatic parameters display a statistically significant correlation with many of the analyzed anatomical characters. In regard to all analyzed anatomical features, the most significant correlation is found between the slope, substrate and isothermality (BIO3). However, the anatomical variability is not significantly correlated with the largest number of bioclimatic factors (precipitation and humidity). As it can be inferred from the regression analysis, the height of the cuticle and epidermis of the adaxial and abaxial side (HCAd, HCAb, HEAd and HEAb) have displayed the least significant correlation with the analyzed environmental factors. In contrast, the greatest dependency in regard to environmental factors was shown by height of parenchyma (HP), largest thickness of the leaf blade (TL), width of the central rib (WCr), height of the sclerenchyma at the widest part of the leaf and the central rib (HSc and HScCr), the height of the largest lateral and central vascular bundle (HLVB and HCVB), surface and number of bulliform cells (SB and NoB) and surface of the biggest colorless cell (SCo).
Discussion
Considering the fact that within the studied area C. humilis lives in very different climatic conditions, geological substrate, and habitat types, it was expected that this species would show a significant inter-population variability and anatomical differentiation influenced by environmental factors, as many other plant species do (Fahn 1964; Kummerow 1973; Todorović & Stevanović 1994; Stevanović & Janković 2001; Bosabalidis & Kofidis 2002; Lakušić et al. 2006 Lakušić et al. , 2010 Kuzmanović et al. 2012) .
Multivariate morphometric analyses (PCA, CDA), and particularly the cluster analysis, have shown that the analyzed populations are anatomically differentiated into several distinct groups (Figs 1-3 ). Although the relationship of some populations that form terminal clusters (Deliblato Sands-Mt Naszaly-Mt Pilis or Mt Studena Planina-Gostović) can be explained by geographical proximity and environmental similarity (same climate type and geological substrate), the general structure of the obtained dendrogram does not correspond with the general geographical and environmental characteristics of the studied populations (Fig. 3A) . In fact, some terminal clusters represent groups of geographically and ecologically very distant populations. Thus, for example, the plants from a subalpine pasture of the Mt Durmitor in Montenegro (1600 m a.s.l., limestone, continental humid climate B1), plants from a mountain pasture at the Mt Rtanj (1003 m a.s.l., limestone, continental arid climate B2) and plants from the submediterranean rocky grounds in Skadar (305 m a.s.l., serpentine, Mediterranean climate A) form a unique group. The basal clusters also have a structure that is difficult to explain by the environmental impact (Fig. 3A) . Only the first basal cluster (Mt Studena Planina-Gostović) brings together environmentally similar serpentine population. The second basal cluster combines populations from geographically very distant sites, which are developing on all analyzed types of the geological substrate (limestone, serpentine, and sand) and in all types of climate (Mediterranean-type A, humid continental-type B1, and arid continentaltype B2). Except the terminal cluster "Bicaz -Mt Suva planina", characterized by the same climate and geology, all other terminal clusters brings together populations from climatically and geologically different habitats. The discrepancy between the leaf anatomy of C. humilis and climatic condition in C & SE Europe is particularly evident when comparing the results of the cluster analysis of anatomical and bioclimatic data. Namely, the cluster analyses, which include data on leaf anatomical characters and habitat climatic characteristics, can give an answer to a question whether the observed anatomical differences between the analyzed populations represent a result of adaptive responses to local climatic conditions, or if this differentiation was caused by some other factors. If the obtained differentiation of anatomical structure and climate correspond to each other, it can be concluded that the climate has a significant influence on the anatomical differentiation, and vice versa.
In view of the fact that our results have shown that the climate of the studied area is clearly differentiated into three main "types", it can be expected that the leaves of the analyzed populations may also differentiate into three main clusters. However, the obtained results show that all samples were separated into two main clusters in relation to the leaf anatomical characters, and that populations that develop in the same climatic conditions are irregularly distributed across the obtained dendrogram (Fig. 3A) . Consequently, it appears that the recent climatic conditions do not have a determining impact on the occurrence of distinct anatomical forms of C. humilis in C & SE Europe.
Since our results further indicate that the anatomical variability is not significantly correlated to neither the type of the geological substratum nor the geographical position (Table 4) , it seems that there is no universal correlation between the analyzed parameters and, in that sense, that a clear geographical or ecological pattern does not exist. Therefore, it may be concluded that the general anatomical differentiation in C. humilis in C & SE Europe cannot be explained by selected environmental impacts, and that it basically does not represent an adaptive response to different climatic or geological conditions.
It is quite possible that both the observed differentiation and the fact that C. humilis does not clearly correlate to the selected habitat conditions were caused by widely ecological tolerance limits of the species, which usually leads to the development of certain characters that show greater intra-then inter-population variability. Similar variations of morpho-anatomical characters are recently registered within an ecologically very plastic species complex Edraianthus graminifolius (Rakić et al. 2012 ). However, it is possible the observed anatomical variation in C. humilis is related to soil conditions. Hence, correlation analysis is needed to get an insight on the influence that these parameters have on morphology and anatomy of the species.
Observed anatomical differentiation in C. humilis in C & SE Europe can be also caused by genetic or evolutionary factors. Numerous cryptic species that have recently been described in plants (Surina et al. 2009; Kučera et al. 2010; Mereda et al. 2011; Lakušić et al. 2013 ) and animals (Ljubisavljević et al. 2007) , confirm the opinion that the phenomenon of cryptic speciation, i.e. the presence of two or more distinct species that were previously classified as a single one due to their morphological similarity (Bickford et al. 2007) , is an important factor in assessing the species diversity and conservation requirements on the Balkan Peninsula. In this sense, it would not be too surprising if a number of cryptic taxa exist within what is presently known as C. humilis.
In order to determine the basis of this anatomical variability it is necessary to carry out analysis of the influence of soil characteristics, perform experiments with cultivated plants, and complete a comprehensive molecular and phylogenetic study, which is in progress.
